The glycolipid galactosyldiacylglycerol (GDG), containing C16 : 0 and C18 : 1 fatty acids, was isolated from the sea alga Petalonia bingbamiae as a potent inhibitor of the activities of mammalian DNA polymerase a a (pol. a a). GDG, however, had no effect on pol. a a from a fish or a higher plant. The inhibition of pol. a a by GDG was dose-dependent with an IC 50 value of 54 m mM. The compound did not influence the activities of other replicative DNA polymerases such as mammalian pol. d d, or repair-related enzymes such as mammalian pol. b b. GDG also did not influence the activities of prokaryotic DNA polymerases such as the Klenow fragment of DNA polymerase I, T4 DNA polymerase, Taq DNA polymerase, DNA polymerases from the higher plant, cauliflower, or DNA metabolic enzymes such as calf thymus terminal deoxynucleotidyl transferase, human immunodeficiency virus type 1 reverse transcriptase and deoxyribonuclease I. Kinetic analysis of the compound showed that pol. a a was non-competitively inhibited with respect to both the DNA template and the nucleotide substrate.
Recent investigations have revealed that eukaryotic cells contain at least eight types of DNA polymerase (a, b, g, d, e, z, h and q), [1] [2] [3] [4] and more species (m and l) have recently been reported. 5, 6) We screened for natural compounds that selectively inhibit one of many types of DNA polymerase, and found several such inhibitors. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Selective inhibitors of DNA polymerases will be useful tools to distinguish DNA polymerases and to clarify their in vivo biological functions. 18) For example, aphidicolin is known as a selective inhibitor of eukaryotic DNA replicative polymerases such as a, d and e (pol. a, d and e). Since aphidicolin selectively inhibits eukaryotic DNA replication, we could know that these polymerase species are essential for DNA replication. 19) This inhibitor has been very useful for studying the DNA replication system. 20) To date, there have been no reports of inhibitors capable of distinguishing among pol. a, d and e except our previous report concerning dehydroaltenusin, which potently inhibited only mammalian pol. a activity without effecting even other vertebrate pol. a species. 17) Inhibitors capable of distinguishing among pol. a, d and e from broad eukaryotic species are required for studies of the DNA replication system.
In this study, we found and purified an inhibitor from an alga species, Petalonia bingbamiae, that influenced only the activity of mammalian pol. a. The agent was determined to be a glycolipid, galactosyldiacylglycerol (GDG). Although one member of this glycolipid group has been reported to be an inhibitor of the reverse transcriptase of human immunodeficiency virus type 1 (HIV-1), 21) GDG identified in this study was shown to be a mammalian pol. a-specific inhibitor simi-larly to dehydroaltenusin, although the chemical structures of both agents are fundamentally different, and GDG showed no activity against other replicative enzymes such as DNA polymerase d. Therefore, the agent could be an inhibitor capable of distinguishing among pol. a, d and e described above but also among pol. a in vertebrates. GDG may be useful as a tool with which to study the biochemical functions of mammalian pol. a.
MATERIALS AND METHODS

Materials
Nucleotides and chemically synthesized template-primers such as poly(dA) and oligo(dT) [12] [13] [14] [15] [16] [17] [18] were purchased from Pharmacia (Uppsala, Sweden). [ 3 H]-dTTP (43 Ci/mmol) was purchased from Perkin Elmer Life Sciences (Boston, MA, U.S.A.). All other reagents were of analytical grade and were purchased from Wako Ltd. (Osaka, Japan).
Enzymes DNA polymerase a (pol. a) was purified from calf thymus by immuno-affinity column chromatography as described previously. 22) The amino-terminal (1-329) and the carboxyl-terminal (1280-1465) truncation mutant of the largest subunit of mouse pol. a, p110, was expressed in Sf9 cells using the baculovirus expression system and purified previously. 23) The smallest subunit of mouse pol. a, p46, was purified as described previously. 24) Recombinant rat pol. b was purified from E. coli JMpb5 as described by Date et al. 25) Pol d was purified from calf thymus as described previously. 26) Fish pol. a and d were purified from the testis of cherry salmon (Oncorhynchus masou). 27) Pol. I (a-like) and II (b-like) from a higher plant, cauliflower inflorescence, were purified according to the methods outlined by Sakaguchi et al. 28 Fatty Acid Analysis of GDG The methyl ester of the purified compound from a sea alga, GDG which has inhibitory activity of pol. a, was analyzed by GC (gas chromatography, Shimadzu GC-14A) equipped with an integrator (Shimadzu C-R4A) for quantitation of peak areas. The column was 200 cmϫ3.0 mm (internal diameter) packed with 15% EGSS-X on 100 to 200 mesh Gaschrom Q (Nishio Co., Inc. Ltd.). The column oven temperature was run isothermally at 190°C, and the injection port and detector temperatures were both 250°C. Helium carrier gas flow rate was 40 ml/min. The sample was dissolved in n-hexane for injection. Identification of the peaks was accomplished by comparing the relative retention times with standard fatty acid mixtures (F & OR mixtures No. 3, Applied Science, State College, PA, U.S.A.).
DNA Polymerase Assays Activities of DNA polymerases were measured by the methods described previously. 7, 8) For DNA polymerases, poly(dA)/oligo(dT) [12] [13] [14] [15] [16] [17] [18] and dTTP were used as the template-primer DNA and nucleotide substrate, respectively. For HIV reverse transcriptase, poly(rA)/ oligo(dT) [12] [13] [14] [15] [16] [17] [18] and dTTP were used as template-primer and nucleotide substrate, respectively. For terminal deoxynucleotidyl transcriptase, oligo(dT) [12] [13] [14] [15] [16] [17] [18] (3Ј-OH) and dTTP were used as template-primer and nucleotide substrate, respectively.
GDG was dissolved in dimethyl sulfoxide (DMSO) at various concentrations and sonicated for 30 s. For assay for the enzyme inhibition, aliquots of 4ml of sonicated samples were mixed with 16ml of each enzyme (final 0.05 units) in 50 mM Tris-HCl (pH7.5) containing 1 mM dithiothreitol, 50% glycerol and 0.1 mM EDTA, and kept at 0°C for 10 min. These GDG-enzyme mixtures (8 ml) were added to 16 ml of each of the enzyme standard reaction mixtures, and incubation was carried out at 37°C for 60 min, except for Taq DNA polymerase which was incubated at 74°C for 60 min. The activity without GDG was considered 100%, and the remaining activities at each concentration of GDG were determined as percentages of this value. One unit of each DNA polymerase activity was defined as the amount of enzyme that catalyzed the incorporation of 1 nmol of deoxyribonucleotide triphosphates (i.e. 2Ј-deoxythymidine 5Ј-triphosphate, dTTP) into synthetic template-primers (i.e. poly(dA)/oligo(dT) [12] [13] [14] [15] [16] [17] [18] , A/Tϭ2/1) in 60 min at 37°C under the normal reaction conditions for each enzyme. 7, 8) Other Enzyme Assays Activities of DNA primase, T7 RNA polymerase, T4 polynucleotide kinase, bovine deoxyribonuclease I and human DNA topoisomerases were mea-sured in each of the standard assays according to the manufacturer's specifications as described by Koizumi et al., 29) Nakayama and Saneyoshi, 30) Soltis and Uhlenbeck, 31) Lu and Sakaguchi 32) and Mizushina et al., 17) respectively. Telomerase activity was determined using the polymerase chain reaction (PCR)-based telomeric repeat amplification protocol as described 33) with some modifications. 34) Surface Plasmon Resonance Mammalian pol. a and GDG binding analyses were performed using a Biosensor BIAcore instrument (BIACORE R X) (BIAcore, Sweden). CM5 research grade sensor chips (BIAcore, Sweden) were used. All buffers were filtered before use. The core domain of the largest subunit of mouse pol. a, p110, and the smallest subunit of mouse pol. a, p46 (314 mg/ml or 131 mg/ml respectively, 35 ml each; i.e. 0.1 nmol each), in coupling buffer (10 mM sodium acetate, pH 5.0) was injected over a CM5 sensor chip at 20 ml/min to capture the protein to the carboxymethyl dextran matrix of the chip by NHS/EDC coupling reaction (60 ml of mix) as described. 35) Unreacted N-hydroxysuccinimide ester groups were inactivated using 1 M ethanolamine-HCl (pH 8.0). This reaction immobilized about 5000 and 2400 response units (RU) of p110 and p46 proteins, respectively. Binding analysis of GDG was performed in running buffer including GDG (5 mM potassium phosphate buffer (pH 7.0) and 10% DMSO) at a flow rate of 20 ml/min at 25°C. Kinetic parameters were determined using the software BIA evaluation 3.1.
RESULTS
Isolation of GDG
We screened for DNA polymerase inhibitors, and found a natural compound from a sea alga (Petalonia bingbamiae) collected from Sado island in Niigata prefecture, Japan, that inhibits mammalian DNA polymerase a (pol. a) activity but not pol. b activity. The compounds were extracted with acetone from the alga body (150 g, dry wt). Evaporation of the solvent yielded 2 g of a green waxy material. The extract was partitioned between ethyl acetate (1 l) and water (1 l), adjusted to pH 7, and the organic layer was evaporated. The fraction was subjected to silica gel column chromatography (Wakogel C-100, 100 mesh, 5.0ϫ50 cm) and then eluted with 2-propanol : methanol (v/v 40 : 1). The active fractions (450 mg) were purified through a second silica gel column chromatography (Wakogel C-200, 200 mesh, 2.0ϫ30 cm) using chloroform : methanol (v/v 15 : 1). The active fractions (150 mg) were subjected to a third silica gel column chromatography (Wakogel C-300, 300 mesh, 1.5ϫ15 cm) and then eluted with n-hexane : acetone (v/v 1 : 1). Finally, the active compound (15 mg) was purified by Sephadex LH-20 column chromatography (1.0ϫ10 cm) eluted with chloroform : methanol (v/v 1 : 1). EI (electron impact) mass, negative FABHR (fast atom bombardment high resolution) mass, and 1 H-, 13 C-and DEPT (Distortionless Enhancement by Polarization Transfer) NMR spectroscopic analyses suggested that the inhibitor fraction was a glycolipid, GDG. The methyl esters of the purified compound was analyzed by GC (gas chromatography, see Materials and Methods section). The compound contained two fatty acids (i.e. C16 : 0, palmitic acid and C18 : 1, oleic acid). The chemical structure of GDG is shown in Fig. 1 . A GDG group have been reported previ-ously in cyanobacteria, and one of these compounds coincided with GDG identified in the present study. 21) We have tentatively designated the galactosyldiacylglycerol reported here as GDG for convenience. Some of the cyanobacterial GDGs were reported to be HIV-1 reverse transcriptase inhibitory agents, 21) but GDG showed no such effect.
Effects of GDG on the Activities of Mammalian DNA Pol. a a, b b and d d, and on Other Enzymes Figure 2 shows the inhibition dose-response curves of GDG against calf pol. a, rat pol. b and calf pol. d. This compound effectively inhibited pol. a, with 50% inhibition observed at a dose of 54 mM and almost complete inhibition at 150 mM (Fig. 2) . The inhibition by GDG was dose-dependent. On the other hand, the compound did not influence the activity of pol. b and pol. d.
Mammalian pol. a is made up of four subunits, i.e. p180, p68, p54 and p46. [36] [37] [38] The largest subunit, p180, and the smallest subunit, p46, have the catalytic (DNA polymerase) and DNA primase activities, respectively. 36) The other subunits, p68 and p54, have no known enzyme activities. We constructed the core domain (p110) in which we deleted the amino-terminal (1-329) and the carboxyl-terminal (1280-1465) regions of the largest subunit and the smallest subunit (p46) of mouse pol. a, and then the recombinant proteins were expressed and purified. 23, 24) GDG inhibited the DNA polymerase activity of mouse core domain of pol. a, but primase activity of p46 was not inhibited by the compound (Table 1) .
Interestingly, GDG had no inhibitory effect on pol. a from other vertebrates or on fish pol. d ( Table 1 ). The compound also did not influence of the activities of the higher plant cauliflower pol. I (a-like) or II (b-like), prokaryotic DNA polymerases such as the Klenow fragment of E. coli DNA polymerase I, Taq DNA polymerase and T4 DNA polymerase, or other DNA-metabolic enzymes such as calf terminal transferase and bovine deoxyribonuclease I (Table 1) . GDG thus appeared to be a selective inhibitor of mammalian pol. a.
Mode of DNA Pol. a a Inhibition by GDG Next, to elucidate the mechanism of inhibition, the extent of inhibition as a function of DNA template-primer or nucleotide substrate concentrations was studied (Fig. 3) . In kinetic analyses, poly(dA)/oligo(dT) [12] [13] [14] [15] [16] [17] [18] and dTTP were used as the template-primer DNA and nucleotide substrate, respectively. Double reciprocal plots of the results showed that the GDGinduced inhibition of calf pol. a activity was non-competitive with both the DNA template and the nucleotide substrate (Figs. 3A, B ). In the case of the DNA template, the apparent Michaelis constant (K m ) was unchanged at 12.1 mM, whereas 55.6, 33.3, 23.8 and 18.2 pmol/h decreases in maximum velocity (V max ) were observed in the presence of 0, 30, 60 and 90 mM GDG, respectively (Fig. 3A) . The K m for the nucleotide substrate was 2.9 mM, and 54.7, 42.9 and 31.5% decreases in the V max for the nucleotide substrate were observed 984 Vol. 24, No. 9 were pre-incubated with the indicated concentrations (0 to 100 mM) of purified GDG, and then assayed for these enzyme activities as described previously. 7, 8) Enzyme activity in the absence of GDG was taken as 100%. in the presence of 30, 60 and 90 mM GDG (Fig. 3B) . The inhibition constant (K i ) value, obtained from Dixon plots, was found to be 27 mM and 19 mM for the DNA template and nucleotide substrate, respectively (Figs. 3C, D). Dixon plots indicated that the binding of pol. a and GDG was more tighter against nucleotide substrate than DNA template. When activated DNA and four deoxyribonucleotide triphosphates (i.e. dNTP) were used as the template-primer DNA and nucleotide substrate, respectively, the inhibition of calf pol. a by GDG was non-competitive with both the DNA template and the nucleotide substrate. On the other hand, the inhibition of pol. a by aphidicolin, which is a known pol. a inhibitor, was uncompetitive with activated DNA as a DNA template-primer and competitive with respect to the nucleotide substrate (dNTP). 39) Moreover, aphidicolin inhibited pol. a by competing with all 4 dNTPs for binding to pol. a, but it competes more effectively with respect to dCTP. 39) In contrast, inhibition of pol. a by GDG was non-competitive with dNTP. The mode of the inhibitory effect of GDG on pol. a was different from that of aphidicolin.
These results suggested that GDG may bind or interact with a site distinct from the template-primer DNA binding site and the nucleotide substrate binding site of pol. a. Eukaryotic pol. a is comprised of four subunits. [36] [37] [38] Both the DNA binding site and the nucleotide substrate binding site of pol. a occur in the largest subunit, p180. 36) The smallest subunit (p46) of pol. a has primase activity. We further studied the interaction between GDG and the largest subunit or the smallest subunit of pol. a.
Binding between GDG and the Subunits of Mammalian DNA Pol. a a To confirm the kinetic parameters and results of biochemical experiments, the parameters for binding of GDG were determined using the core domain of the largest subunit of mammalian pol. a (p110) and the smallest subunit of pol. a (p46) immobilized to a sensor chip in a BI-Acore. Five different concentrations of GDG (5, 10, 20, 30 and 40 mM) were used for binding analyses. Both the p110 subunit and the p46 subunit (0.1 nmol each) were conjugated to the CM5 sensor chip, and then GDG was added to the conjugated proteins. GDG bound to the p110 subunit containing the DNA binding and catalytic activity of mammalian pol. a and caused its dissociation from the protein (Fig. 4A) . The dissociation constant (K D ) of binding of GDG to the p110 subunit was determined to be 28.7 mM (Fig. 4A ). On the other hand, GDG hardly bound to the p46 subunit, which has DNA primase activity (Fig. 4B) . These results suggested that GDG interacted directly with the catalytic subunit of pol. a.
DISCUSSION
We found and reported here a new selective inhibitor of mammalian DNA pol. a, GDG, from the extract of a sea alga, Petalonia bingbamiae. Recently, we reported a mammalian pol. a-specific inhibitor, dehydroaltenusin. 17) Dehydroaltenusin was isolated from a fungus (strain 98H02B04- (2)) and its chemical structure was 3, 7-dihydroxy-9methoxy-4a-hydrobenzo[c]2H-chromene-2, 6-dione. 17) GDG consisted of the galactosylglyceride joined a palmitic acid and an oleic acid at the carboxyl-end (Fig. 1) . The chemical structures of both mammalian pol. a-specific inhibitors were fundamentally different from each other. Before identification of dehydroaltenusin, no such inhibitors were expected to exist in nature. The finding of an another mammalian pol. aspecific inhibitor indicates that such inhibitors are ubiquitous in nature.
We previously reported the in vitro relationship between DNA polymerases and fatty acids alone. 7, 8, 15) Some longchain fatty acids can inhibit these DNA polymerase activities in vitro. The most potent inhibitors were fatty acids with a hydrocarbon chain containing 16 or more carbons and with a free carboxyl end. Longer chain size of the fatty acid was accompanied by stronger inhibitory effects. The fatty acids in GDG (i.e. C16 : 0; palmitic acid and C18 : 1; oleic acid) are, therefore, thought to play major roles in inhibition of pol. a activity, since the inhibitory doses of palmitic or oleic acid on pol. a activity were almost the same as that of GDG. These fatty acids also inhibited the activity of pol. b by binding to the 8 kDa DNA binding domain in competition with the template-primer DNA, 8, 15) but GDG itself did not influ-ence pol. b activity. The conjugation of galactosylglyceride to these fatty acids might disturb its binding to the 8 kDa DNA binding domain of pol. b.
As described previously, sulfoquinovosyldiacylglycerols which are similar to GDG are potent pol. b inhibitors. 11, 12, 14) The sulfoquinovosyldiacylglycerols are conjugates of sulfoquinovosylglyceride to the long-chain fatty acids. Since the only difference between GDG and sulfoquinovosyldiacylglycerols is whether the sugar has an acidic group, the acid side (e.g. the carboxyl end of fatty acid) might be required for binding to the 8 kDa DNA binding domain of pol. b. When fatty acids were used, the molecular mechanism responsible for the selective inhibition of pol. a was obviously different from that for pol. b. 7, 8, 15) The manner of inhibition was non-competitive, indicating that the fatty acids bound to a site other than the catalytic site. The present results for GDG suggested that this agent has the same mode of action as fatty acids alone.
We have succeeded in systematic chemical synthesis of many kinds of sulfoquinovosylacylglycerols including their stereoisomers and derivatives, [40] [41] [42] and recently we also synthesized GDG chemically (Hanashima et al. in preparation) . Some synthetic sulfoquinovosylacylglycerols were shown to be potent anti-neoplastic agents, 41) and novel agents in the glycolipids group could be a superb anti-cancer drugs for clinical use. The results of the present and our previous studies will be useful for drug design to obtain novel glycolipid inhibitors including derivatives of GDG. Glycolipids such as GDG are widespread in photosynthetic eukaryotic and prokaryotic organisms, where they are associated with the thylakoid membranes. Several studies on glycolipids reported them as having specific biological activities, e.g. antitumor-promoting, anti-inflammatory, anti-algal, hemolytic and anti-viral properties. These observations indicated that some new-synthetic derivatives of glycolipids may be useful as selective inhibitors of mammalian DNA polymerases, and may be potent anti-tumor and/or AIDS anti-viral agents.
